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LIFE CYCLE TESTING OF BaxSr1-xTiO3 FERROELECTRIC
THIN FILMS IN A TUNABLE MICROWAVE DEVICE

FELIX A. MIRANDA, FRED W. VAN KEULS, ROBERT R.
ROMANOFSKY, CARL H. MUELLER, and JOSEPH D. WARNER

NASA Glenn Research Center, Cleveland, OH 44135

Thin film ferroelectrics are being studied as candidates for novel
tunable microwave components such as tunable filters, tunable
oscillators, and phase shifters for applications in phased array
antennas. Much work has been done optimizing the ferroelectric
material and in producing proof-of-concepts of these components.
However, little attention has been given to their reliability. In this
study we present our results on the reliability of high quality K-band
phase shifters made of  BaxSr1-xTiO3 (BSTO) ferroelectric thin films
(0.5-0.75 mm thick) on MgO and LAO. The phase shift and insertion
loss were measured at 300 K over 104 operation cycles within a
0-400 V dc bias range (0-40 V/mm) at 15, 18, and 22 GHz. Results for
these phase shifters indicate that in general there were no appreciable
changes in phase shift after 4¥104 cycles, suggesting that these phase
shifters are robust enough to sustain optimal performance under the
operating mode typical of fast tracking phased arrays.

Keywords:   Ferroelectric thin films; BaxSr1-xTiO3; tunable microwave
components; phase shifters; reliability; operating cycles; Ku- and
K-band.
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I. INTRODUCTION

F er roel ect ri c thi n fil ms have received extensi ve at tent i on lately
because of  thei r sui tabi l it y for  tunabl e mi crowave component s.
P romi si ng resul ts on the perf or m ance of  fer r oelectr ic thin fi lm -based
r esonat ors, fil ters,  osci ll at or s, and phase shif t er s,  have been steadi ly
publi shed dur ing the past  few year s [1- 4] . However,  ther e st i ll  concer n
about  the rel iabi li t y of  these com ponents when subj ected to wor ki ng
cycles invol ving fast swi tchi ng between thei r “on” and “of f” st at es (i .e. ,
wit h and wit hout an appl i ed dc elect r ic fiel d) . For  exam pl e,  a fast 
scanning phased arr ay ant enna used for tr acking LEO sat ell it es wi ll 
r equi red each phase shif t ing el ement  in the ar ray to under go phase shi ft 
changes wi thi n seconds to sat isf y the requi r em ent s of  quick findi ng and
t racking of each sat el li t e in the LE O const ell at i on. Fur ther m or e,  the
m ean ti m e bef or e fai lure (MTBF)  of  each of these phase shi ft ers must 
be large enough to war rant thei r  consider at i on for inser ti on into a
sat el li t e tr ansceiver system (~5-7 year s for  LEO pl at for ms) or gr ound
t racking stat ion at  lower  cost than cur rent  st at e-of- the-art  (i .e.,  MMIC
t echnol ogy).  In thi s paper,  we have study the per form ance of  several 
f er roel ect ri c thi n fil m- based phase shi ft er s as a funct i on of  dc bi as
swi tchi ng cycles in term s of their  di ff er ent ial transmi ssi on and ref lect i on
phase shif t and i nsert ion l oss. 

II. EXPERIMENTAL

I n this st udy we have invest igat ed K- band phase shi f ters made of 
Bax S r1 -x T iO3  (BST O)  tunable fer r oelectr ic thin fi lm s (0. 5- 0. 75 m m 
t hi ck) on magnesi um  oxide (MgO)  and lanthanum al umi nate (L aAl O3 , 
her et of ore LAO)  diel ectr i c subst rates. The fer roelect ri c fil m s consi st ed
of laser  abl ated Ba0 .6 0S r0 .4 0T iO3 ,  1% wt  Mn doped,  deposi t ed on MgO
( samples 1 and 2) , and Ba0 .5 0S r0 .5 0T iO3  on LAO (sam ple 3).  For sam pl e
1, the BST O fil m is 750 nm thick and the MgO is 12 mi l thi ck.  For 
sam pl e 2, the BST O fil m is 500 nm thi ck and the MgO is 20 mi l  thi ck. 
Bot h sam pl es were post -anneal ed at  1100 ºC for  6 hr  in an oxygen
atm osphere af ter deposit i on. T hese samples wer e prepar ed by
Dr.  Hor wit z’ s group at  the Naval  Resear ch Laborat or y,  Washington, 
D.C. [5] . For  sam pl e 3, the BST O fil m  is 400 nm thi ck and the LAO is
10 mi l thi ck.  Thi s sam pl e was pr epar ed at  NASA Gl enn Research
Center. 

T he phase shi ft er  desi gn consist s of  n- coupl ed mi cr ostr i p secti ons
i n seri es.  Each sect ion represents a si ngle- pole bandpass fi l ter whose
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passband shi f ts when a dc bias is appli ed to the ferr oel ectr i c.  The total 
phase shif t is pr oport ional  to n. In this part icular case n = 4 for  sampl es
1 and 2,  and n = 8 for  sample 3.  The conduct ing layer  of  the coupled
m icrost r ip li ne phase shi ft er s (CMPS )  consi sted of a 15 nm  chromi um 
adhesion layer,  fol l owed by 2 m m  gol d layer  sequent iall y deposi ted by
elect ron beam  evapor at ion. The pat ter ni ng of  the CMPS  was per form ed
usi ng st andar d chem i cal etchi ng techniques.  Schem at ics for  the cr oss-
secti on of  the gener ic mult il ayer confi gurat ion,  the 8- element CMPS , 
and a pi ct ur e of the act ual  four  elem ent CMP S ci r cuit  ar e shown in
F ig.  1. 

T he dim ensions of  the CMP S ar e as fol lows: for  sample 1,  the
coupl ing   l ength   between   i nterdi gi tated   f i nger s  (�)   is  356  mm ,  t he

FIGURE 1.   (a) Cross-section of a CMPS showing the separation 
distance between fingers (s), the finger width (w), the ferroelectric
film thickness (t) and the substrate thickness (h). (b) Schematic 
of eight-element, CMPS. S = 7.5 µm and W = 25 µm. (c) A 
four-element Au/BSTO/MgO coupled microstrip phase shifter.
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separ at i on gap bet ween fi ngers (s)  is 10 m m , and the fi nger  wi dt h (w)  is
30. 5 m m . For sam pl e 2, � = 457 m m , s = 10 m m , and w = 56 m m . For
sam pl e 3, � = 470 m m, s = 7.5 m m, and w = 25 m m . The overal l lengt h of 
t he phase shi ft er s is 1 cm.  These phase shi f ters ar e fai rl y nar rowband
( ~12%  bandwi dth) and thei r opti m al  fr equency of operati on depends
pri mari l y upon the val ue of  the ferr oel ectr i c di elect ri c constant  (e r BSTO ) 
and t he thickness of  t he BS TO f i lm .

T o test  the CMP S,  these wer e pl aced inside a vacuum  cham ber
under  a vacuum of  ~10 mt orr . Thi s was done to pr event  ar ci ng ef fect s
upon the appl icat ion of the dc bias.  Duri ng the measurem ents the
sam pl e was kept  at 300±0.1 K using a tem per at ur e-contr oll er .  We
decided to perf or m onl y room tem perat ur e measurem ents si nce thi s is
t he most  likely tem per at ure at whi ch these devices wi ll  perf orm  in
act ual com municat ion syst em s.  Data were taken by bi asing the phase
shi ft er  fr om  0 to 400 V dc and back to 0 V.  Each bi as sweep lasted
~4 sec,  and phase shif t and magnit ude dat a wer e recor ded ever y
50  cycl es typical ly up to 4¥104  cycl es,  usi ng a Labvi ew- based ful ly
aut om at ed measurement set -up.  Duri ng the dat a recor di ng cycl e, the
m easurem ent of the dat a at each bi as value took ~10 sec.  All  the dat a
shown in thi s paper  corr espond to measurements perf or med at 15,  18, 
and 22 GHz.

Measurem ents were al so perf or med under st andar d tem perat ur e and
pressur e condit ions (i .e. , open ai r)  to study the per for mance of the phase
shi ft er s under a real wor ki ng envi ronment . To accom pl ish thi s, the
phase shif ti ng el em ent s wer e coated wit h ~2. 0 m m  posit i ve phot or esi st 
( AZ 4210)  ( e r  ~ 3) whi ch pr ot ected t he ci rcui t s fr om ar ci ng ef f ects.

III. RESULTS

F igur e 2 shows the magni t ude and phase shif t , respect ively, for 
sam pl e 1. Obser ve that  for a gi ven dc elect r ic fi el d val ue, bot h the
m agni tude and phase shif t  for  this sample remained relat ivel y the same
up to 4¥104  volt age cycl es. The dat a get  sl ight l y noisi er  at  0 V due to
t he int r insi c rem nant el ect ri cal  hyst er esis associated wit h the
f er roel ect ri c f il m.  However , note that at  300 V dc (or a f iel d of  30V/ m m )
t he val ues of  the magnit ude and phase dat a cor responding to each bi as
cycle ar e wi t hi n ±0.015 dB and ±1.5°,  respect ivel y,  fr om  each ot her. 
T hi s var iati on is inconsequenti al by compar i son to cust omari l y used
phase shif ter  set ti ngs. That is,  for  a typi cal  MMIC-based phase shi f ter, 
t he i nsert ion phase may var y by as much as 10  per cent  f r om  t he nomi nal 
set ti ng [6]. 
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F igur e 3 shows the magni t ude and phase,  respecti vel y,  for sam pl e  2. 
Not e that for  all  dc fiel d values shown in these fi gures, sam pl e 2
exhibit s a vari at ion of nearl y 0.2 dB in inser ti on loss,  and of  near ly
5°,  respecti vel y,  fr om  it s st at e at no cycl i ng and it s state at  the end of
4¥104  cycl e.  Obser ve also that  thi s sam pl e exhibi ts hi gher  insert i on loss
and lower phase shi f ts than sam ple 1 for the sam e bias val ues
consi der ed i n t hi s study.  T he hi gher  losses exhi bit ed by sam ple 2 ar e the
r esul t of 18 GHz bei ng closer  t o t he edge of  i ts narr ow passband than for 
t he case of sam pl e 1 in whi ch the BS T O is 250 m m  thi cker than the
f er roel ect ri c fil m in sam pl e 1.  Al so,  we have shown previousl y [2] that
t hi cker  the fer roel ect ri c f il m the l arger  the phase shi f t obt ai ned usi ng the
confi gur at ion under  st udy, hence the sm al ler  phase shif t  exhi bi ted by
sam pl e 2 wit h respect to sample 1.  The main point  to em phasi ze here is

FIGURE 2.   Transmission S-parameter (S21) insertion loss (a) and phase
shift (b) versus voltage cycle for sample, 1 a Au (2.0 µm)/BSTO 
(0.75 µm)/MgO (305 µm) four-element CMPS, at 18 GHz and 300 K.
Ba:Sr ratio is 0.6:0.4.
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FIGURE 3.   Transmission S-parameter (S21) insertion loss (a) and 
phase shift (b) versus voltage cycle for sample 2, a Au (2.0 µm)/BSTO 
(0.50 µm)/MgO (500 µm) four-element CMPS, at 18 GHz and 300 K.
Ba:Sr ratio is 0.5:0.5.
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t hat bot h sam pl es endured i n a favor abl e way t he ri gors of  the swit chi ng
cycle t o whi ch they were subj ect ed i n t hi s study. 

S im il ar  test s wer e done for  sam ple 3.  Thi s sam pl e dif fer s fr om it s
count er par ts on MgO in that  thi s is an undoped sample. In the
t ransmi ssi on mode this sample exhi bi t s a di scont i nuit y in the dat a aft er 
~4, 000 cycles, af ter  whi ch ther e wer e no ot her  observabl e
discont i nuit i es even up to 7¥104  cycl es,  as shown i n Fig.  4. Dat a for  t hi s
sam pl e wer e also taken i n t he r efl ect ion mode (S 1 1)  r ef lection coef fi cient 
by term i nati ng the phase shif ter  i n an open,  whi ch is t he confi gurat ion in
whi ch this phase shi ft er s wil l be used in a el ect roni cal ly st eerabl e
r ef lect arr ay antenna [7] .  Disconti nui ti es can be observed in this mode
also,  as shown in Fi g.  5.  The pr im ar y source of these ef fect s are st il l
under  invest i gati on.  Nevert heless,  the large var i at ions in S1 1 at  zer o bias
f or  thi s sam ple may be al levi at ed by rest ri cti ng the bi as range to som e
non-zer o vol t age (e. g. , 10  V) .

Alt hough the result s presented above ar e encouraging,  the real test , 
we were inter ested in devel oping an approach whi ch al lows for  the
operati on of  these phase shif ter s under  ambi ent condi ti ons (i .e.,  open
air ).  T o achi eve thi s,  we needed t o prevent  or  di mi ni sh the probabi l it y of
arcing when  hi gh bi as were  appli ed  to the  int er di gi t al   sections  of   t he
phase shif ter s.  Ther ef or e, we deci ded to coat these sect ions wi th low
per mi tt i vi ty di el ect ri cs such as t ef l on, Si O2 , and posi ti ve phot or esi st .  T he
f ir st  t wo mater ial did not work  wel l, mainl y because  of uneven  coat ing

FIGURE 4.   Transmission S-parameter (S21) insertion loss (a) and 
phase shift (b) versus voltage cycle for sample 3, a Au (2.0 µm)/Ba0.5 
Sr0.5TiO3 (0.50 µm)/LAO (254 µm) eight-element CMPS, at 15 GHz 
and 300 K.
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and flaking.  However , we found that when usi ng the phot oresi st,  the
phase shif ter s exhi bit ed very good perf or mance wi thout any indi cati on
of degr adati on or  di scont inui ti es.  Fi gure 6 shows the perf or m ance in
open ai r  of sam pl e 1 aft er coat i ng it s inter di gi t al  sect ions wi th a layer 
( ~2 µ m thi ck)  of posit ive photor esist  (AZ 4210) . Not e that magni tude of 
t he phase shi ft  rem ained relati vel y the sam e as that shown in Fig. 1,
whi le the inser ti on losses were reduced by nearl y 1 dB for  the appl i ed
f ields consi der ed in thi s eff or t . The reduct ion of the losses is due to

FIGURE 5.   Relative phase shift of reflection
S-parameter (S11) versus voltage cycle for 
sample 3, a Au (2.0 µm)/Ba0.5 Sr0.5TiO3 
(0.50 µm)/LAO (254 µm) eight-element 
CMPS, at 15 GHz and 300 K. The arrows 
indicate re-starting of the measurement cycle.
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i mproved impedance mat chi ng whi l e the rem ai nder of the improvem ent
could be due to the phot oresi st  induced suppressi on of  radi ati on losses
via evanescent waves in the vici ni ty of  the inter di gi tal  sect ions. Mor e
t esti ng is st il l under way to st r engt hen the st at i st ical  meani ng of these
r esul ts.  Nevert heless,  the data pr esent ed so far  show that  ferr oelectr ic- 
based phase shi ft er s are suit abl e for  inser t ion in fast  scanning phased
arr ay antennas desi gned for  room  tem per at ur e oper at ion at K- band
f requencies and above. 

IV. CONCLUSIONS

We have st udi ed the perf orm ance of  BS TO thi n fil m  fer roelect r ic-
based phase shi ft er s subj ected to 4¥104  0- 400 V dc bias swi tchi ng
i mpedance cycles (i . e. , an el ect ri c field cycl e of 0- 40 V/ m m ).  No maj or 
changes in insert ion loss or in relat ive phase shif t wer e obser ved in any
of the sam pl es consi dered in thi s st udy aft er endur ing the ri gors of  the
aforementi oned cycl e. Af t er  coat ing the int erdigi tal secti ons of the
CMP S wi t h photoresi st,  it  was demonst rated that these phase shi ft er s
can per f or m flawl essly under open ai r  condi t ions.  These resul ts suggest
t he feasibil i ty of fer roelect ri c t hi n fil m- based technol ogy to devel op low
cost and robust  phase shi ft er s for  fast  scanni ng phased ar ray ant ennas
designed for  room  temper ature oper at i on at K-band frequencies and
above.
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Thin film ferroelectrics are being studied as candidates for novel tunable microwave components such as tunable filters,
tunable oscillators, and phase shifters for applications in phased array antennas. Much work has been done optimizing the
ferroelectric material and in producing proof-of-concepts of these components. However, little attention has been given
to their reliability. In this study we present our results on the reliability of high quality K-band phase shifters made of
BaxSr1-xTiO3 (BSTO) ferroelectric thin films (0.5 to 0.75 µm thick) on MgO and LAO. The phase shift and insertion
loss were measured at 300 K over 104 operation cycles within a 0 to 400 V dc bias range (0 to 40 V/µm) at 15, 18, and
22 GHz. Results for these phase shifters indicate that in general there were no appreciable changes in phase shift after
4×104 cycles, suggesting that these phase shifters are robust enough to sustain optimal performance under the operating
mode typical of fast tracking phased arrays.
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